When unfolded proteins accumulate in the endoplasmic reticulum (ER), transcription of glucose-regulated proteins (GRPs) representing ER-resident molecular chaperones is markedly induced via the unfolded protein response (UPR) pathway. In contrast to recent progress in the analysis of yeast UPR, both cis-acting elements and transactivators responsible for mammalian UPR have remained obscure. Here, we analyzed the promoter regions of human GRP78, GRP94, and calreticulin genes and identified a novel element designated the ER stress response element (ERSE). ERSE, with a consensus of CCAATN 9 CCACG, was shown to be necessary and sufficient for induction of these GRPs. Using yeast onehybrid screening, we isolated a human cDNA encoding a basic leucine zipper (bZIP) protein, ATF6, as a putative ERSE-binding protein. When overexpressed in HeLa cells, ATF6 enhanced transcription of GRP genes in an ERSE-dependent manner, whereas CREB-RP, another bZIP protein closely related to ATF6, specifically inhibited GRP induction. Endogenous ATF6 constitutively expressed as a 90-kDa protein was converted to a 50-kDa protein in ER-stressed cells, which appeared to be important for the cellular response to ER stress. These results suggest that, as in yeast, bZIP proteins are involved in mammalian UPR, acting through newly defined ERSE.
Identification of the cis-acting UPR element (UPRE) present in yeast GRP promoters (6) has led to the isolation of four genes required for the yeast UPR, namely IRE1/ERN1, HAC1/ ERN4, RLG1, and PTC2. Ire1p is a transmembrane protein kinase localized in the ER and is thought to act as a sensor of ER stress (7, 8) , which appears to be negatively regulated by protein serine/threonine phosphatase Ptc2p (9) . The yeast UPR-specific transcription factor Hac1p is a basic leucine zipper (bZIP) protein that specifically binds to UPRE (10, 11) . Yeast has developed a unique system to produce Hac1p only when required (11) (12) (13) (14) (15) (16) . HAC1 mRNA is constitutively expressed but not translated under normal conditions due to the presence of an intron located inside the Hac1p-coding region. Upon ER stress, it becomes spliced immediately by endonuclease activity present in the C-terminal tail region of Ire1p and RNA ligase activity of Rlg1p. Spliced HAC1 mRNA is effectively translated, and synthesized Hac1p activates transcription of yeast GRP genes in a UPRE-dependent manner.
In contrast, the mammalian UPR system seemed to be more complex. Lee and co-workers (17) (18) (19) (20) reported that transcriptional induction of mammalian GRP78 is mediated by multiple redundant cis-acting elements and that among these the two most critical regulatory regions are CORE and C1 (see Fig. 1 ). The zinc finger-type transcription factor YY1 was reported to bind CORE (21, 22) , whereas the histone fold motif-type transcription factor NF-Y/CBF bound to C1 (23, 24) . However, such ubiquitous factors alone provided little basis for specific induction of GRP genes, and the available evidence suggested little similarity in cis-acting elements and transcription factors involved between yeast and mammal: neither CORE nor C1 is similar to UPRE, and Hac1p shows no homology to either YY1 or NF-Y. Moreover, the consensus sequence of the cis-element remained undetermined.
We report here that the mammalian UPR system is more sophisticated than was previously thought; a newly identified 19-nt motif CCAATN 9 CCACG, designated ER stress response element (ERSE), was found to be a cis-element critical for transcriptional induction of human GRP78, GRP94, and calreticulin. Using ERSE as a probe, we cloned the human bZIP transcription factor ATF6, containing a DNA-binding domain similar to that of Hac1p. Thus, the mammalian UPR system seems to share a certain basic feature with that in yeast.
EXPERIMENTAL PROCEDURES
Cell Culture-HeLa cells were grown in Dulbecco's modified Eagle's medium (glucose at 4.5 g/liter) supplemented with 10% fetal calf serum, 2 mM glutamine and antibiotics, 100 units/ml penicillin, and 100 g/ml streptomycin. Cells were maintained at 37°C in a humidified 5% CO 2 , 95% air atmosphere.
Construction of the Parental and Mutant Form
Reporter PlasmidsRecombinant DNA techniques were performed according to standard procedures (25) . Based on the published sequence of the human GRP78 gene (18) , a 311-bp fragment of the GRP78 promoter (Ϫ304 to ϩ7 region; numbers indicate the nucleotide position relative to the transcription start site) was amplified by polymerase chain reaction from HeLa genomic DNA and cloned into the KpnI-XhoI sites of the pGL3-Basic vector (Promega, Madison, WI), which contains the firefly luciferase coding sequence but lacks eukaryotic promoter or enhancer elements. For construction of point mutants of the Ϫ65 to Ϫ43 and Ϫ65 to Ϫ38 regions, synthetic oligonucleotides harboring appropriate nucleotide replacements were synthesized, annealed, and ligated into the XhoI-BglII sites of the pGL2-Promoter vector (Promega), which contains the SV40 minimal promoter upstream of the luciferase coding sequence. ERSE sequences were eliminated from the GRP78 promoter by site-directed mutagenesis using the Exsite site-directed mutagenesis kit (Stratagene, La Jolla, CA), and the resultant fragments were inserted into the KpnI-XhoI sites of the pGL3-Basic vector (Promega). Similarly, a 397-bp fragment of the human GRP94 promoter (Ϫ363 to ϩ34 region (26)), a 511-bp fragment of the human calreticulin promoter (Ϫ459 to ϩ52 region (27) ), a 668-bp fragment of the murine ERp72 promoter (Ϫ647 to ϩ21 region (28)), and a 1099-bp fragment of the human GRP58 promoter (Ϫ1081 to ϩ18 region (29)) were amplified by polymerase chain reaction and cloned immediately upstream of the luciferase coding sequence. Some of them were used for the disruption experiments. DNA sequences of all constructs were confirmed by sequencing both strands for the relevant region. All plasmids used for transient transfection were purified by CsCl gradient centrifugation.
Transfection Experiments for Transient Expression of Reporter Plasmids-Transfection was carried out by the standard calcium phosphate method (25) . Briefly, HeLa cells were plated onto 24-well dishes at approximately 10% confluency the day before transfection. Reporter plasmid (1 g) and reference plasmid (0.1 g of pRL-SV40 vector, harboring SV40 enhancer and promoter just upstream of Renilla luciferase; Promega) were mixed in 1ϫ HEPES-buffered saline (50 mM HEPES, 280 mM NaCl, 1.5 mM Na 2 HPO 4 , pH 7.08) containing 250 mM CaCl 2 to form CaPO 4 -DNA complex at room temperature. Cells were incubated with CaPO 4 -DNA complex for 16 h at 37°C, washed with phosphate-buffered saline three times, and further incubated in fresh medium. After 48 h, cells were lysed in 100 l of Passive Lysis Buffer (Promega). For induction of UPR, cells were treated with 2 g/ml tunicamycin (TM) unless otherwise indicated for 16 h prior to harvesting. Firefly luciferase and Renilla luciferase activities were measured with 5 l of cell lysate using the Dual-Luciferase Reporter Assay System (Promega). A Luminoskan luminometer (Labsystems, Helsinki, Finland) was used at a linear range. "Relative activity" is defined as the ratio of firefly luciferase activity to Renilla luciferase activity and was calculated by simply dividing luminescence intensity obtained with the assay for firefly luciferase by that for Renilla luciferase. "-Fold induction" is defined as the ratio of induced to basal levels of reporter activity and was calculated by dividing average value of relative activity in lysate of ER-stressed cells by that of unstressed cells (each value determined from at least four independent transfections).
One-hybrid Screening for cDNAs Encoding ERSE-binding ProteinsThe reporter plasmid for one-hybrid screening was constructed essentially according to our previous report (10) , and its structure is schematically depicted in Fig. 7A . Briefly, six tandem repeats of the ERSE1 sequence from the human GRP78 promoter (CCTTCACCAATCGGCG-GCCTCCACGACGG) were placed upstream of the IRE1 promoter, driving expression of the yeast HIS3 gene, while mutant ERSE repeats (CCTTCAgactaCGGCGGCCTgatgtACGG) were inserted upstream of the IRE1 promoter-Escherichia coli lacZ fusion gene (Fig. 7A) . The reporter plasmid harboring these two reporter genes was linearized at the NcoI site present in the URA3 gene and integrated into the ura3-52 locus of yeast strain KMY1015 (MAT␣ leu2-3, 112 ura3-52 his3-⌬200 trp1-⌬901 lys2-801 ire1⌬::TRP1; Ref. 10) at one copy. The ire1⌬ strain was used as the host to eliminate unexpected activation of the UPR pathway. The resultant reporter strain (KMY1015-ERSE) was unable to grow in the absence of histidine and expressed low ␤-galactosidase activity due to low basal activity of the IRE1 promoter. A human lymphocyte cDNA library constructed in a multicopy plasmid vector carrying the activation domain of yeast transcriptional activator Gal4p (GAL4AD) immediately upstream of the cDNA cloning site (30) Zhu et al. (31) by 4 residues, possibly reflecting an allelic polymorphism. The full-length cDNAs of CREB-RP and G13 (a CREB-RP isoform) were cloned by polymerase chain reaction from HeLa cell RNA based on the published sequences (32, 33 ). An effector plasmid to express ATF6 or CREB-RP was constructed by inserting the full-length cDNA into the HindIII-XhoI or BamHI-EcoRI sites of the pcDNA3.1(ϩ) vector (Invitrogen, Carlsbad, CA), just downstream of the CMV promoter, respectively.
Northern Blot Hybridization-Northern blotting was carried out according to the standard procedure (25) . 10 g of poly(A) ϩ RNA prepared from HeLa cells using oligo(dT) magnetic beads (Dynabead; Dynal, Oslo, Norway) were subjected to 1% agarose gel electrophoresis containing 2.2 M formaldehyde, transferred to a nylon membrane, and hybridized with radiolabeled cDNA probe specific to either ATF6 or GAPDH.
Antiserum Preparation and Immunoblotting-We prepared two types of antisera against ATF6, anti-B03N and anti-ATF6 (21-34). Anti-B03N antiserum was raised by immunizing a fusion protein of E. coli maltose-binding protein with a N-terminal portion of ATF6 (residues 6 -307), which had been expressed and purified from E. coli cells. Anti-ATF6 (21-34) antiserum was raised against a keyhole-limpet hemocyanin-conjugated synthetic polypeptide of 14 amino acids, which corresponded to residues 21-34 of ATF6. Anti-GRP78 and anti-HSP70 antisera were obtained from Stressgen Biotechnologies Corp. (Victoria, Canada).
In vitro translation of ATF6 was carried out using ATF6 cDNA and TNT T7 quick coupled transcription/translation system (Promega). Whole cell extracts were prepared by lysing 1 ϫ 10 6 HeLa cells with 60 l of 1ϫ sample buffer (62.5 mM Tris/HCl (pH 6.8), 25% glycerol, 2% SDS, 350 mM dithiothreitol, and 0.01% bromphenol blue). Lysates were boiled, and portions (2 l) were subjected to SDS-polyacrylamide gel electrophoresis using 10% gel, transferred onto a Hybond ECL filter (Amersham Pharmacia Biotech), and reacted with various antisera, according to the standard protocol (25) . Prestained SDS-PAGE standards (Bio-Rad) were used as size markers. The ECL Western blotting detection kit (Amersham Pharmacia Biotech) was used to detect each antigen.
RESULTS

Identification of ER Stress Response Element-It has been
noted that the ER stress-responsive promoters of mammalian GRP genes contain multiple CCAAT motifs (26 -28) . Aligning these CCAAT and neighboring sequences, we noticed that a structural motif of CCAAT-9 nucleotides-CCACG is present in promoters of GRP78, GRP94, and calreticulin ( Fig. 2A) and that promoters of all GRPs examined except for FKBP13 contain multiple copies of similar motifs (Fig. 2 , B and C). Moreover, both CORE and C1 regions defined previously in the GRP78 promoter (17, 19) actually contain this motif (Fig. 1) . Interestingly, the mammalian GRP78 promoters consist of three consecutive reiterated sequences, each of which contains this motif (Fig. 2D ), possibly resulting from duplication during evolution. These findings taken together suggested that the above motifs are specifically involved in mammalian UPR. We designated this motif the ERSE, since it is structurally distinct from the UPRE responsible for yeast UPR (6, 10) .
ERSE Motifs Are Critical for Transcriptional Induction of GRP78, GRP94
, and Calreticulin-To examine whether the ERSE motif is critical for induction of GRP78, GRP94, and calreticulin, each of the promoters was ligated to the reporter gene (firefly luciferase) and transfected into HeLa cells as described under "Experimental Procedures." We used TM, an inhibitor of protein N-glycosylation (2, 3, 34), to induce UPR. As expected, the intact GRP78 promoter enhanced luciferase ex-pression by 5-fold in TM-treated cells (Fig. 3 , line 2, closed bar) over the control (line 2, open bar). The extent of induction was comparable with those observed in previous studies (5-7-fold) (18, 19) , and that of endogenous GRP78 protein level (5-8-fold; see Fig. 11C ). The intact GRP94 and calreticulin promoters enhanced reporter expression upon TM treatment by 8-and 4-fold, respectively (lines 8 and 12), which was also consistent with the previous reports (35, 36) .
When the ERSE1 motif was selectively eliminated from the GRP78 promoter, the induction was markedly reduced (Fig. 3,  line 3 ). The residual induction observed was completely abolished by additional disruption of ERSE2 and/or ERSE3 (lines 4 -6). As in the case of GRP78, disruption of ERSE1 in the GRP94 promoter markedly reduced the induction (line 9), whereas simultaneous elimination of ERSE1 and ERSE3 completely abolished the induction (line 10). Similarly, disruption of both ERSE3 and ERSE2 in the calreticulin promoter completely prevented the induction (line 14), although unexpectedly elimination of the most distal ERSE3 alone had almost no effect (line 13).
Conversely, when these putative ERSEs with some flanking sequences were placed upstream of the heterologous promoter (SV40 minimal promoter), they significantly mediated the induction, indicating that these ERSEs are indeed functional (Fig. 4) . Moreover, ERSE1 from the human GRP78 promoter was found to be equally active regardless of its orientation (data not shown). Thus, the ERSE motif is a cis-acting element necessary and sufficient for the induction of GRP78, GRP94, calreticulin, and probably other GRPs.
Critical Sequence in ERSE Motif Is CCAATN 9 CCACG-To determine whether the critical nucleotides in the ERSE motif are indeed CCAATN 9 CCACG, we introduced a point mutation (transversion) into each nucleotide of ERSE1 from the human GRP78 promoter used in the above experiment (Fig. 4, line 2) . Replacement of any of the nucleotides from Ϫ61 to Ϫ57 (Fig. 5 , lines [7] [8] [9] [10] [11] or Ϫ46 to Ϫ43 (lines [22] [23] [24] [25] prevented the induction almost completely, whereas replacement of other nucleotides had little effect (lines 3-6 and 12-21) . This strongly suggested that CCAAT (Ϫ61 to Ϫ57) and CACG (Ϫ46 to Ϫ43) are critical for induction.
We then analyzed C Ϫ47 more closely, since this nucleotide is also well conserved (Fig. 2, A and B) . In this experiment, the Ϫ65 to Ϫ38 segment was used (line 28), which somehow showed a significantly lower response than the Ϫ65 to Ϫ42 segment (line 27). Although changing C Ϫ47 to A had little effect (line 30; cf. line 21) , changing it to G or T completely abolished the induction (lines 31 and 32), indicating that C Ϫ47 is also essential. In contrast, conversion of A Ϫ42 to any other nucleotides showed little effect (data not shown). In addition, the distance between CCAAT (Ϫ61 to Ϫ57) and CCACG (Ϫ47 to Ϫ43) appeared to be crucial, because insertion of 1-3 nucleotides completely abolished the induction (lines 38 -40) . These results indicated that the critical sequence in the ERSE1 motif of the human GRP78 promoter is actually a stretch of 19 nucleotides, CCAATN 9 CCACG.
Responses to Other ER Stress-inducing Reagents-To induce the UPR experimentally, mammalian cells are often treated with various chemicals such as the calcium ionophore A23187, which depletes calcium stores in the ER (19) , and thapsigargin, which inhibits the ER Ca 2ϩ -ATPase and drains calcium ions from the ER (37), in addition to TM used in the experiments presented above. We thus examined the responses of GRP promoters to A23187 and thapsigargin (Tg) (Fig. 6) . As expected, transcriptional induction of GRP78 (lanes 1-4) , GRP94 (lanes 9 -12) and calreticulin (lanes 17-20) upon either treatment was completely abolished by disrupting ERSEs (lanes 5-8, 13-16, and 21-24) , indicating that the ERSE is critical for the induction of GRPs elicited not only by TM but also by the other reagents tested.
Isolation of Putative Human ERSE-binding Proteins-Since the consensus ERSE sequence identified here is not similar to any sequences of binding sites for known mammalian transcription factors, we attempted to isolate human cDNA clones encoding ERSE-binding factors by yeast one-hybrid screening (Fig. 7A) . In principle, ERSE-binding proteins, when fused to the activation domain of yeast transcription factor Gal4p (GAL4AD), were expected to activate transcription of a reporter gene constitutively in an ERSE-dependent manner even in yeast cells. We thus obtained two positive clones (clones 3 and 7) as a result of screening approximately 4.3 million yeast transformants as described under "Experimental Procedures." Clone 7 was found to encode a portion of a bZIP protein, XBP-1/TREB5 (38, 39) , whose possible contribution to the mammalian UPR is currently under investigation and will be described elsewhere.
To examine ERSE dependence of transcriptional activation exerted by clone 3, clone 3-GAL4AD fusion protein was expressed in yeast cells together with various reporter plasmids in which intact or mutant ERSE was placed upstream of the IRE1 promoter driving expression of lacZ (Fig. 7B) . When the intact ERSE was used in the reporter, expression of clone 3-GAL4AD as an effector markedly enhanced ␤-galactosidase level as compared with that of a control plasmid expressing GAL4AD only (compare line 1 with line 5). This enhancement by clone 3-GAL4AD was completely abolished by using mutant ERSEs lacking CCAAT and/or CCACG (lines 6 -8), consistent with the requirement for intact CCAAT and CCACG portions in transcriptional activation observed in HeLa cells (Fig. 5) . It is unlikely that ectopic expression of clone 3 in yeast cells caused ER stress due to translocation of clone 3-GAL4AD fusion protein into the ER lumen, resulting in enhanced transcription of the reporter gene indirectly via the yeast UPR pathway. First, the yeast strain used as a host lacks Ire1p, a sensor molecule of ER stress. Second, ERSE is not functional as a UPR-specific cis-acting element in yeast (data not shown).
ATF6 Activates GRP Transcription through ERSE-Sequencing analysis revealed that clone 3 encodes a known transcription factor, ATF6 (40), a member of the ATF/CREB family containing a bZIP motif as a DNA-binding domain. Interestingly, the basic region of ATF6 exhibits a significant similarity to that of yeast Hac1p (Fig. 8A) . ATF6 was originally cloned as a partial cDNA that weakly bound to the cAMP response element (40) and was reisolated recently as a protein that bound to serum response factor (31), although its function remains unclear.
To examine whether ATF6 is involved in the transcriptional FIG. 1. Nucleotide sequence of the ؊140 to ؊19 region of the human GRP78 promoter. The CCAAT-like motifs designated C1-C5 and TATA sequence (19) are boxed and underlined, respectively. Locations of the CORE and C1 regions (37) and three ERSE sequences identified in this report are also indicated.
regulation of GRP genes in mammalian cells, we cotransfected an effector plasmid carrying a full-length ATF6 cDNA and a reporter plasmid into HeLa cells to monitor GRP promoter activity (Fig. 9) . In the absence of TM, cotransfection of an ATF6 expression plasmid enhanced reporter expression from the intact GRP78 promoter 5-fold above the vector control level (compare open bars in lines 1 and 2) but failed to affect expression from the mutant GRP78 promoter lacking all three ERSE sequences ( lines 3 and 4, open bars) . In the presence of TM, the ATF6 effector plasmid further enhanced the induced level of reporter expression from the intact GRP78 promoter (lines 1
CREB-RP Inhibits Transcriptional Induction of GRP Genes-CREB-RP (32) exhibits considerable similarity to ATF6 both in overall structure (Fig. 10A ) and in predicted amino acid sequence, particularly in the basic region, in which 21 of 23 residues are identical and 2 are similar (basic), the highest similarity among the known members of the human ATF/ CREB family (Fig. 8B) . The gene for CREB-RP (also called G13) has been located near the major histocompatibility complex gene cluster, although its function remains unknown (32, 33) . Thus, we examined whether overexpression of CREB-RP might affect activity of GRP promoters, as did ATF6 (Fig. 10B) . Interestingly, cotransfection of a CREB-RP expression plasmid hardly affected reporter expression from the intact GRP78 promoter in the absence of TM (compare open bars in lines 1 and 2) but markedly repressed the expression in the presence of TM (lines 1 and 2, closed bars) . In contrast, overexpression of CREB-RP failed to affect the expression from the mutant GRP78 promoter with or without TM (lines 3 and 4) . Similar results were obtained by using GRP94 or calreticulin promoters (lines [5] [6] [7] [8] [9] [10] [11] [12] , suggesting that overexpression of CREB-RP prevents ER stress-induced transcription of GRP genes mediated by endogenous transactivators. The fact that closely related transcription factors, ATF6 and CREB-RP, exhibited apparently opposite effects on induction of target genes (see "Discussion") also argues against the possibility that overexpression of ATF6 merely activated GRP transcription indirectly by creating ER stress in HeLa cells.
ATF6 Is Regulated by ER Stress-We finally examined whether expression of ATF6 is regulated by ER stress at either the mRNA or protein level. Northern blot hybridization analysis revealed the presence of a single ATF6 mRNA band of 2.5 kilobase pairs in untreated HeLa cells as reported previously (31) . In addition, neither the level nor the size of ATF6 mRNA were affected by TM treatment (Fig. 11A) , unlike the recently identified unconventional splicing system for yeast HAC1 mRNA that is specifically induced by ER stress (11, 14) .
We then analyzed ATF6 protein, which was previously shown to be constitutively expressed in both HeLa and COS cells (31) . We raised two types of antisera against ATF6, anti-B03N and anti-peptide (anti-ATF6 (21-34)) antisera (see "Experimental Procedures"). When translated in vitro using reticulocyte lysate, ATF6 was detected as a single band of 90 kDa by both anti-B03N (Fig. 11B, lane 2) and anti-peptide (anti-ATF6 (21-34)) (data not shown) antisera, the size significantly larger than the calculated molecular mass of 74.57 kDa as reported previously (31 , and other protein bands were not overproduced under the conditions, indicating that these two protein species are actually encoded by ATF6 cDNA. We therefore designated proteins of 90 and 50 kDa p90ATF6 and p50ATF6, respectively.
To further examine whether the appearance of p50ATF6 was correlated with the cellular UPR activity, we carried out time course experiments (Fig. 11C) . p50ATF6 became detectable within 2 h after TM treatment, peaked at 4 -8 h, and then decreased, whereas the increase of GRP78 was detected at 8 h. Similarly, p50ATF6 appeared in cells treated with A23187 or thapsigargin prior to the induction of GRP78. However, p50ATF6 was hardly detected in heat-shocked cells despite the clear induction of HSP70. These results strongly suggested that the conversion of p90ATF6 to p50ATF6 may be a key regulatory step in mammalian UPR. DISCUSSION cis-Acting Elements for Mammalian UPR-In this report, we identified a novel cis-acting element, the ERSE, responsible for mammalian UPR, whose consensus is CCAATN 9 CCACG. This finding is not only consistent with previous results of other groups but provides new insight into the mechanisms of mammalian UPR. We propose that induction of mammalian GRPs is generally mediated by ERSE. First, all of the known promoter sequences of GRP genes contain multiple ERSE-like sequences (Fig. 2, A and B) except for the FKBP13 promoter, which only contains an apparently less well conserved ERSE (data not shown). Second, ERSEs are necessary and sufficient for the induction of GRP78, GRP94, and calreticulin (Figs. 3 and 4) . Third, putative ERSE1 and ERSE2 of ERp72 are located in the 82-nt "ER protein traffic response element" identified by Green and co-workers (28) . Fourth, transcriptional induction of human ORP150/GRP170 identified recently (41) depends on ERSE-like elements. 2 Lee and co-workers independently reached similar conclusions.
FIG. 3. Effects of disrupting ERSEs on human GRP78 (A), GRP94 (B)
, and calreticulin (C) promoter activities. ERSE1, ERSE2, and ERSE3 of the GRP78 promoter; ERSE1 and ERSE3 of the GRP94 promoter; and ERSE2 and ERSE3 of the calreticulin promoter were disrupted by mutating their sequences (refer to Fig. 2, A and B) to gatcTN 9 aacat, CtcgaN 9 aacac, gagcTN 9 aacgc, atgttN 9 Agctc, gatcTN 9 aacat, agctcN 9 aactc, and atgttN 9 Relative luciferase activity and -fold induction were determined as described in the legend to Fig. 3 by four independent transient expression assays.
gene encoding the GRP78 homolog (6). We recently showed that the KAR2 UPRE contains a partial palindrome with a onenucleotide spacer (CAGCGTG) that is essential for its function (10) . Since such characteristic features of UPRE were also found in other known yeast GRP homologs, we proposed that the sequence of UPRE provides the basis for the specificity of yeast UPR (42) . On the other hand, ERSE-like sequences are found in GRP promoters not only from vertebrates but from invertebrates, plants, and fungi (Fig. 2E) , suggesting that ERSE may be involved in UPR in quite diverse organisms. Although the critical sequence of ERSE is distinct from that of UPRE, it is noteworthy that both share a common motif; CCACG of ERSE might correspond to a half-site of UPRE (CAGCGTG) (also see below).
trans-Acting Factors for Mammalian UPR-It was previously reported that transcription factor NF-Y binds to the CCAAT motif within the C1 region in the GRP78 promoter, which corresponds to CCAAT in ERSE1 (see Fig. 1) (23, 24) . We confirmed that NF-Y binds to the CCAAT portion of ERSE using electrophoretic mobility shift assays (data not shown). However, NF-Y is a ubiquitous factor regulating various genes (43) , and thus NF-Y alone cannot explain the specific induction of GRPs upon ER stress. The consensus sequence of the NF-Y binding site is YRRCCAATCG (44, 45) , lacking a CCACG motif. Therefore, we propose that the CCACG portion of ERSE exactly 9 bp downstream of the CCAAT portion provides the basis for FIG. 5 . A distinct stretch of nucleotides in ERSE1 from the human GRP78 promoter is required for transcriptional induction. A, each nucleotide of the segment Ϫ65 to Ϫ43 was replaced by a transversion (lowercase letters), and the mutated fragments were inserted into the XhoI-BglII sites of the pGL2-Promoter vector (the basal promoter activity of pGL2 was higher than that of pGL3, resulting in slightly less pronounced induction). Averages of four independent experiments are presented. B, each nucleotide of CCACG and its neighboring sequences was changed to that indicated by lowercase letters. Mutated fragments of the segment Ϫ65 to Ϫ38 were inserted into the pGL2-Promoter vector as in A and assayed in four independent transfections. Three insertion mutants containing additional A nucleotides (indicated by shading) between CCAAT and CCACG were also examined (bottom).
FIG. 6. Effects of various ER stress-inducing reagents on ERSE-mediated induction of human GRP78, GRP94
, and calreticulin. Cells transiently transfected with the indicated constructs were treated with 2 g/ml TM (closed bars), 1 M A23187 (hatched bars), or 100 nM thapsigargin (Tg) (dotted bars) for 16 h. Constructs are schematically represented as in Fig. 3 . Data were from four independent experiments. the specificity of mammalian UPR.
This raises the question of what binds to the CCACG motif of ERSE. We identified here a bZIP protein, ATF6, as a likely candidate. Overexpression of ATF6 in HeLa cells indeed activated transcription of GRP genes constitutively in an ERSEdependent manner (Fig. 9) . In marked contrast, overexpression of CREB-RP inhibited transcriptional induction of GRPs in response to ER stress (Fig. 10) , suggesting their involvement in mammalian UPR as key regulatory components of transcription. Although transcription of GRP genes appeared to be regulated by these closely related bZIP proteins in the opposite direction, similar situations have been reported in various types of transcriptional regulation by factors such as CREB and CREM, MyoD and Id, and IRF-1 and IRF-2 (46 -48).
The marked similarity between ATF6 and CREB-RP in the basic region (Fig. 8B) suggests that this region (presumably a DNA-binding domain) is important for their function. In fact, the bZIP domain of CREB-RP alone was as effective as fulllength CREB-RP in repressing GRP induction (data not shown). Both ATF6 and CREB-RP also have significant homology to yeast Hac1p in their basic regions (Fig. 8A) . Since Hac1p binds to a CAGCGTG motif directly in vitro (10) , it is plausible that ATF6 similarly binds to the CCACG site in ERSE. Interestingly, there are several plant bZIP proteins (49, 50) whose basic regions are strikingly similar to those of ATF6 and CREB-RP (Fig. 8C) . These plant proteins are involved in transcriptional induction by abscisic acid, and they bind to the abscisic acid response element, whose consensus sequence is RCCACGTGGR and thus contains a CCACG motif (51) . This further supports the notion that ATF6 and CREB-RP (or related bZIP proteins) bind to the CCACG site of ERSE. In contrast to these plant bZIP proteins and yeast Hac1p, however, in vitro translated ATF6 or CREB-RP failed to bind ERSE in electrophoretic mobility shift assays (data not shown), consistent with the previous report in which DNA binding activity of ATF6 was not demonstrated (31) . Therefore, we cannot exclude the possibility that ATF6 activated transcription in an ERSE-dependent manner indirectly via protein-protein interaction with a component(s) of bona fide ERSE-binding complex, such as NF-Y or unidentified CCACG-binding factor(s). In fact, ATF6 was recently shown to participate in transcriptional regulation of the c-fos gene via its interaction with the C-terminal activation domain of the trans-acting serum response factor (SRF), which binds to the cis-acting serum response element (SRE) present in the c-fos promoter (31) (see below).
The transcription-enhancing activity of ATF6 required intact FIG. 7 . Cloning of putative ERSE-binding proteins by yeast one-hybrid screening. A, structure of the reporter plasmid used for one-hybrid screening. The construction of the plasmid and the strategy for one-hybrid screening are described under "Experimental Procedures." B, effects of clone 3-GAL4AD fusion protein on the reporter gene expression. An effector plasmid of GAL4AD alone or clone 3-GAL4AD fusion was introduced into yeast strain KMY1015 harboring a reporter plasmid of the lacZ gene under the control of intact ERSE (CCTTCAC-CAATCGGCGGCCTCCACGACGG) or mutant ERSE (mutated nucleotides are indicated in lowercase type). ␤-Galactosidase activities were determined as described previously (10) CCAAT and CCACG portions of ERSE in yeast as well as in HeLa cells (Fig. 7B) . Yeast cells are known to contain CCAAT motif binding complex composed of Hap2-5 proteins that can be functionally replaced by corresponding subunits of mammalian NF-Y (52, 53). We found that enhanced ␤-galactosidase expression from the ERSE-IRE1 promoter-lacZ reporter gene by ATF6-GAL4AD fusion protein (Fig. 7B, line 5 ) was completely abolished in the strain lacking Hap2p, Hap3p, or Hap5p (data not shown). Thus, ATF6 alone is insufficient for transactivation through ERSE even when fused with an activation domain functional in yeast. By analogy, it is likely that both ATF6 and NF-Y are required for activating transcription through ERSE in mammalian cells.
ATF6 Is Regulated by ER Stress Posttranslationally-ATF6 was constitutively expressed in HeLa cells as a 90-kDa protein (Fig. 11B) , consistent with the finding by Prywes and colleagues (31) . Very interestingly, however, we found that ATF6 was converted from a 90-kDa protein (p90ATF6) to a 50-kDa protein (p50ATF6) upon ER stress (Fig. 11B ) 4 and that this conversion appeared to be important for the cellular response to ER stress. First, the time course experiments showed that p50ATF6 was detected prior to the induction of GRP78 in cells treated with not only TM but also other ER stress-inducing reagents, whereas little p50ATF6 appeared in heat-shocked cells (Fig. 11C) . Second, overexpression of ATF6 caused constitutive enhancement of GRP transcription (Fig. 9 ) and, at the same time, constitutive expression of p50ATF6 in transfected HeLa cells (Fig. 11B) . These results strongly suggested that p50ATF6 might represent an active form of the protein. Since neither the level nor the size of ATF6 mRNA was changed upon ER stress (Fig. 11A) , the conversion of ATF6 from 90-to 50-kDa species is likely to be achieved by a posttranslational modification(s), the mechanism of which is currently under investigation. In any event, this raises the intriguing possibility that ER stress-regulated factors such as ATF6, which presumably recognize the CCACG motif of ERSE, cooperate with general transcription factor NF-Y, which recognizes the CCAAT motif of ERSE, to induce transcription of mammalian GRP genes in response to ER stress.
Is ATF6 a Bifunctional Factor?-ATF6 was previously isolated as a SRF-binding protein and shown to be involved in SRF-mediated transcriptional induction of the c-fos gene by (31) . B, effects of CREB-RP overexpression on GRP promoters. An effector plasmid carrying full-length CREB-RP cDNA was cotransfected into HeLa cells with a reporter plasmid as described in the legend to Fig. 9 . Experiments were repeated four times. Similar results were obtained by using G13 cDNA, whose coding sequence is almost identical to that of CREB-RP except for insertion of three amino acids and five amino acid substitutions (33).
FIG. 11. Regulation of ATF6 by ER stress.
A, Northern blot hybridization analysis of ATF6 mRNA. HeLa cells were treated with 2 g/ml TM for the indicated period. Poly(A) ϩ RNA was extracted and analyzed as described under "Experimental Procedures" using a probe specific to ATF6 or GAPDH. B, immunoblotting analysis of ATF6 protein. In vitro translation was carried out using reticulocyte lysate with a control vector (lane 1) or ATF6 cDNA (lane 2). Whole cell extracts were prepared from HeLa cells that had been untreated (lanes 3 and 5) or treated with 2 g/ml TM for 4 h (lanes 4 and 6) or that had been transfected with a control vector (lane 7) or an ATF6 expression plasmid (lane 8). Proteins were analyzed as described under "Experimental Procedures" using anti-B03N antiserum (lanes 1-4, 7, and 8) or antipeptide (anti-ATF6 (21-34)) antiserum (lanes 5 and 6). The positions of the 90-kDa band (p90ATF6) and 50-kDa band (p50ATF6) are indicated by the open and closed arrowheads, respectively. C, correlation of the appearance of p50ATF6 with the cellular UPR activity. HeLa cells were treated with 2 g/ml TM, 7 M A23187, or 300 nM thapsigargin (Tg) for the indicated period. Alternatively, HeLa cells were heat-shocked at 43°C for 1 h and then recovered at 37°C for the indicated period. Whole cell extracts were prepared and analyzed by immunoblotting using anti-ATF6 (21-34) antiserum or antiserum specific to either GRP78 or HSP70.
serum in HeLa cells (31) . In addition, it was recently shown that ATF6 was also involved in SRF-mediated transcriptional induction of the atrial natriuretic factor gene by activated p38 mitogen-activated protein kinase in primary myocardial cells (54) . These results together with our results described here indicate that ATF6 participates in two independent signaling pathways, both of which lead to transcriptional activation in the nucleus. However, we noticed a critical difference in the mode of regulation between them, depending on which cisacting element was utilized. When activation was mediated by ERSE responsible for GRP induction, overexpression of ATF6 not only elevated transcription of GRP genes constitutively but also enhanced their induced transcription further as shown in Fig. 9 . In marked contrast, when activation was mediated by SRE, the binding site for SRF, overproduction of ATF6 affected neither basal nor induced transcription of the c-fos gene (31) . Therefore, as discussed above, p50ATF6 present in ATF6-overproducing HeLa cells appeared to be sufficient for activation through ERSE but not for activation through SRE, suggesting that ATF6 may require a distinct modification(s) to activate SRE-mediated transcription. In this connection, it was recently shown that ATF6 was directly phosphorylated by p38 mitogenactivated protein kinase in vitro (54) .
Conclusion-Since both mammals and S. cerevisiae have analogous sets of GRP genes, it may be expected that the control mechanism is basically similar. The present finding that bZIP transcription factors similar to Hac1p are involved in mammalian UPR is consistent with this idea. Human homologs of Ire1p kinase were recently cloned by two laboratories (55). 5 Thus, the regulatory mechanism of UPR appears to be significantly conserved among all eukaryotes, although ER stressinduced mRNA splicing has not yet been observed in mammalian cells. Further studies on human bZIP transcription factors and Ire1p homologs will provide useful information for our understanding of cellular factors responsible for the UPR signaling pathway.
